Quantitative data on the mechanics of diarthrodial joints and the function of ligaments are needed to better understand injury mechanisms, improve surgical procedures, and develop improved rehabilitation protocols. Therefore, experimental and computational approaches have been developed to determine joint kinematics and the in-situ forces in ligaments and their replacement grafts using human cadaveric knee and shoulder joints. A robotic/universal forcemoment sensor testing system is used in our research center for the evaluation of a wide variety of external loading conditions to study the function of ligaments and their replacements; it has the potential to reproduce in-vivo joint motions in a cadaver knee. Two types of computational models have also been developed: a rigid body spring model and a displacement controlled spring model. These computational models are designed to complement and enhance experimental studies so that more complex loading conditions can be examined and the stresses and strains in the soft tissues can be calculated. In the future, this combined approach will improve our understanding of these joints and soft tissues during in-vivo activities and serve as a tool to aid surgical planning and development of rehabilitation protocols.
The function of a diarthrodial joint is mediated by the complex interactions of bones, ligaments and capsule, articular cartilage, and muscle. The interdependence of these structures is such that severe injury or failure of any one of them can lead to deterioration of the other and then to the disruption of overall joint function. Ligaments are particularly vulnerable, with estimates of the annual rate of ligament injury in North America ranging from 5 to 10% of all people up to the age of 65 years (Frank, 1966) . Injuries to these soft tissues include frequent sprains and strains as well as complete rupture.
The anterior cruciate ligament (ACL) prevents anterior tibial translation (ATT) and provides rotatory stability (Loh et al., 2003; Yagi et al., 2002) . However, due to a hostile mechanical and biochemical environment, the ACL does not readily regenerate when injured and thus surgical reconstruction is required (Arnold et al., 1979; Clancy et al., 1982; Fermor et al., 1998; Woo et al., 1997) . In spite of the large number of ACL reconstructions performed each year around the world, estimated between 75,000 to 100,000 cases in the U.S. alone, these procedures continue to encounter postoperative problems (Aglietti et al., 1992; Bach et al., 1998; Jomha et al., 1999; Kaplan et al., 1990) . Recent literature on long-term follow-up of 5 to 10 years has revealed that 10-25% of patients have unsatisfactory results (Ritchie & Parker, 1996) . A knee with a ruptured ACL will have abnormal kinematics such as increased anterior translation or rotational instability, which may cause meniscal damage with secondary osteoarthritic changes (Henry & Genung, 1982; Loh et al., 2003; Reeves, 1968; Zaffagnini et al., 2000) .
The shoulder is the most commonly dislocated joint, with anterior dislocation being the most common (Adams, 1948; Bankart, 1983; DePalma, 1973; EyreBrock, 1943; McLaughlin & Cavalloro, 1950; Moseley, 1945 Moseley, , 1963 Row, 1978; Rowe, 1956) . Although shoulder repair is a frequent procedure, there is a 10-15% re-dislocation rate in patients over the age of 40, and a rate of 80-92% in patients under the age of 20 (Reeves, 1968) . Posterior re-dislocations may be directly related to overtightening the anterior band of the glenohumeral joint during Bankart lesion repair (Cofield, 1990; Cruess, 1976; Neer et al., 1983) . As with the knee, secondary osteoarthritis may develop if the shoulder is not repaired.
In order to better understand injury mechanisms, improve surgical procedures, and develop improved rehabilitation protocols, scientific information on the mechanics of diarthrodial joints and the function of ligaments are needed. Specifically, the kinematics of normal and surgically repaired joints and the in-situ forces experienced by the ligaments and their replacements have been the subject of many studies (Gabriel et al., 2004; Jari et al., 2004; Li et al., 2004; Loh et al., 2003; Mae et al., 2001) . For this reason, experimental and computational approaches have been used to examine these issues. A robotic/universal force-moment sensor (UFS) testing system is used in our research center to measure joint kinematics and in-situ forces in ligaments and their replacement grafts using human cadaveric knee and shoulder joints. This testing system enables us to evaluate a wide variety of external loading conditions to study the function of ligaments and their replacements; in addition, the system has the potential to reproduce in-vivo joint motions in a cadaver knee.
Two types of computational models have also been developed to meet the challenges posed by the complexity of diarthrodial joints: a rigid body spring model and a displacement controlled spring model. These computational models are designed to complement and enhance experimental studies so that visualization of joint kinematics, examination of more complex loading conditions, and calculation of the stresses and strains in the soft tissue can be achieved.
In this paper the experimental evaluation of joint function using the robotic/ UFS testing system will be presented. The kinematics of a robotic manipulator and description of joint motion for the knee is initially described. Forces and moments must then be expressed in the joint motion description so that external loads can be applied to diarthrodial joints. The method for determining the in-situ forces in ligaments is also explained. Once familiar with the robotic/UFS testing system, a brief review of its use in applications of the knee and shoulder is presented. The force distribution in the ACL and ACL replacement grafts, the glenohumeral capsule, and the normal and injured acromioclavicular joint were studied. The devel-opment and application of two types of computational models will then be reviewed: (a) the rigid body spring model, and (b) the displacement controlled spring model. The former was used to study the function of the knee while the latter was used to study the function of the ACL and glenohumeral ligaments. The experimental data obtained from the robotic/UFS testing system were then used to validate these computation models for the knee and shoulder.
Applications of these models and future directions for the development of computational modeling to examine in-vivo motions will also be described. Ultimately, the combined experimental and computational approach will improve our understanding of these joints and soft tissues during in-vivo activities, serving as a tool to aid in surgical planning and evaluation of rehabilitation protocols. Increased understanding of the interactions of soft tissue in the joint will allow surgeons to optimize procedures for each patient based on his or her anatomy, age, weight, and activity level.
Experimental Evaluation of Joint Function
In our research center, two testing systems have been developed that consist of a robotic manipulator combined with a universal force-moment sensor (Fujie et al., 1996) . The low-payload robot (Mitsubishi Electric Corp., RV-MIS-P2, Nagoya, Aichi, Japan, Unimate Puma 762) can apply loads up to 300 N, while the highpayload manipulator (KUKA KR210, KUKA Robotics, Detroit, MI) can exert maximum loads up to 2100 N or more. These testing systems allow for multiple axial force and position controls that can be used to apply loads and produce motions of diarthrodial joints in multiple degrees of freedom (DOF) . The robotic/UFS testing system defines the path of passive flexion-extension of the joint. The path of passive flexion-extension is the joint motion resulting in zero forces and moments; it serves as a reference position for other loading conditions. In addition, each testing system can record the resulting 6-DOF motions in response to external loads applied to the joint and then reproduce the identical path of motion in a dissected specimen, allowing for the use of the principle of superposition. Since identical loading conditions are applied to the intact and dissected states of the same joint specimen, inter-specimen variability can be minimized and the statistical power can be increased in each study.
In addition to a brief review of our current development of the robotic/UFS testing system, the description and control of joint motion and forces/moments with respect to an anatomical reference system for clinical relevance will be described. This includes the determination of the transformations between the axes of all coordinate systems as well as forces in the ligaments at the knee using a noncontact methodology. Applications of this system to the study of the function of the knee and shoulder will then be reviewed.
Kinematics of the Robotic Manipulator
A robotic manipulator is a tool that can control the location and orientation of its end effector relative to its base (Figure 1 ). This enables the robot to accurately control the location and orientations of an object attached to its end effector and record each location and orientation throughout a path of motion. This can be accomplished using a 4 ϫ 4 transformation matrix (T) that is composed of rotation (R) and translation components (U), such as the two matrices below: Therefore, the transformation from one link of a multilink system to another for a serial robot is a combination of these two components. Where the order of operation is translation (U) followed by rotation (R) ( 1) and
The robot can then determine the location (P o ) of its end effector or initiate a desired motion using a series of transformations between the end effector and the global coordinate systems. P o can be described as follows for a six-link system:
Description of Joint Motion for the Knee
The joint motion of the knee has been described with six familiar anatomical directions: anterior-posterior (AP); medial-lateral (ML) and proximal-distal (PD) translations; and flexion-extension (FE), internal-external (IE), and varus-valgus (VV) rotations (Chao, 1980; Grood & Suntay, 1983) . This joint motion description utilizes three nonorthogonal axes and is the most commonly used description of synovial joint motion (Figure 2 ) (Fujie et al., 1996) . The joint motion description consists of two fixed axes, one in the femur and one in the tibia, and a floating axis defined as perpendicular to both fixed axes ( Figure 2 ) (Grood & Suntay, 1983) . The femoral insertion sites of the medial collateral ligament (MCL) and lateral collateral ligament (LCL) are used to establish the origin of the femoral coordinate system as well as the fixed femoral axis (zaxis of the femoral coordinate system). The fixed tibial axis is aligned with the yaxis of the tibial coordinate system. The joint motion description (JMD) can be considered analogous to a serial linkage between the femur and tibia. The 6-DOF tibial motions are represented as the result of 1-DOF motions between rigid links, each of which has its own local, orthogonal coordinate system (Grood & Suntay, 1983) . When the knee is at full extension, the tibial and femoral axes are aligned. Once the tibial and femoral axes are defined, the complete 6-DOF kinematics for the joint can be determined from the relative position and orientation of the femoral and tibial coordinate systems (Fujie et al., 1996) (Figure 2 ).
For example, PD translation and IE rotation, translation along and rotation about the tibial axis of the joint motion description, can be represented by the homogeneous transformations, Trans PD and Rot IE as: ( 5) where C IE and S IE represent cos(θ IE ) and sin(θ IE ), respectively.
Similarly, TransAP and RotVV represent AP translation and VV rotation, which occur along and about the floating axis of the joint motion system, and Trans ML and Rot FE represent ML translation and FE rotation, along and about the femoral axis of the knee joint coordinate system (Fujie et al., 1996) . Each of these joint motions corresponds directly to either rotation about or translation along a single axis of one of the six sequential orthogonal coordinate systems described previously.
Homogeneous transformations between position and orientation of the tibial coordinate system relative to each orthogonal linkage in the motion description are determined from each of the links preceding it. The overall transformation between the femoral and tibial coordinate system is the product of a sequence of homogeneous transformations corresponding to all three rotations and translations: 
The matrix represented by X is shown below (Fujie et al., 1996) :
Force/Moments in Joint Motion Description
Forces and moments are measured by the UFS and need to be expressed in the joint motion description. Therefore, a relationship between the force in the UFS coordinate system and the forces in the joint motion description must be defined. To accomplish this task, the robotic/UFS testing system utilizes several coordinate systems: The sensor coordinate system (UFS), C s , the femoral coordinate system, C f , and the tibial coordinate system, C t . A Jacobean matrix relates the differential motion of the tibial coordinate system to that of the knee joint motion description. This matrix is invertible unless the V-V angle goes to ±90°. This does not present a physical problem for the knee since it is physically unreasonable, but it may not be for other joints (Grood & Suntay, 1983) . This matrix is shown below (Fujie et al., 1996) : (7) A second Jacobean, J 2 , relating the tibial coordinate system to the sensor coordinate system can also be determined, when n = (n x , n y , n z ) T 
and a = (a x , a y , a z ) T represent orientations of the x, y, and z axes of the sensor coordinate system with respect to the tibial coordinate system, respectively, and p = (p x , p y , p z ) T represents the position of the origin of the sensor coordinate system with respect to the tibial coordinate system (the superscript T denotes the transpose of the matrix):
Because the sensor coordinate system is fixed with respect to the tibial coordinate system (the tibia is clamped to the sensor [UFS]), J 2 is constant and easily determined by measuring the relative position and orientation between the two coordinate systems. The overall Jacobean, J, relates differential motion in the joint motion description to the sensor coordinate system .
Forces and moments with respect to the joint motion description can then be expressed as forces and moments with respect to the knee joint motion description using the following relation (Craig, 1989) :
where
Application of External Loads to Joint (Force Control)
Once the transformations between the sensor and axes of the joint motion description have been established, the application of specified external loads to the knee joint is straightforward using the robotic/UFS testing system. Force (or load) control is used to apply a given external load, or set of desired forces and moments to the joint. This mode of control is similar to the flexibility method commonly described in the literature (Rudy et al., 1996) . The desired movement of the robotic manipulator is determined by comparing the current forces and moments measured by the UFS to the specified, or target, forces and moments. The robot is then instructed to perform a movement in order to achieve the target forces and moments, and the new forces and moments are recorded. Based on the differences between the target forces and moments and the new forces and moments measured by the UFS, a new movement is calculated and the robot is instructed to move the joint accordingly. This iterative process allows the testing system to move the knee through the appropriate motions, such that the specified loads are developed in the joint.
The testing system can apply an identical external force to a specimen in both the intact and ligament-deficient states in force control mode. The difference in kinematics between the intact and ligament-deficient states can then be determined. These tests are similar to clinical examinations used to diagnose ligament deficiency where the clinician applies a similar load to both the uninjured and injured knee to compare the differences in resulting kinematics for diagnostic purposes.
In-Situ Forces in Ligaments (Position Control)
A detailed understanding of a ligament's function and contribution to overall joint kinematics depends on an accurate determination of the in-situ forces developed in the ligament in response to motion or external loading of the intact joint. To accomplish this task, the robotic/UFS testing system is asked to accurately reproduce joint positions (position control). This testing system is capable not only of reproducing the joint positions at the maximum loads but also at each intermediate position used to reach the extreme position. Therefore, any sequence of joint positions that represents the path of motion of a diarthrodial joint can be reproduced. To determine the in-situ force in a ligament (e.g., ACL), a known external load (F 1 ) is applied to an intact knee and the resulting motion is recorded. The ACL is subsequently transected (as represented by the cut spring in Figure 3 ), the robot reproduces the previously recorded joint motion, and a new set of force data (F 2 ) is obtained. Since the path of motion for both test conditions is identical, the principle of superposition can be applied and the in-situ force of the ACL is the vector difference in recorded forces, i.e., (F 1 -F 2 ).
By the principle of superposition, the resultant effect of several forces acting on a rigid body is equivalent to the sum of the effects of each force acting independently. Three assumptions are required in order to apply the principle of superposition. First the bones must be effectively rigid when compared to the soft tissues at the joint. This condition stipulates that the joint is free from any disease such as osteoporosis, which might significantly compromise its rigidity. Second, no interactions can exist between the surrounding tissues and the bones. Third, the position of the bones before and after transecting a joint structure must also be repeated exactly (the position of the tibia must be exactly the same with respect to the femur). Even though the stress strain curve of soft tissues is nonlinear, the principle of superposition still holds when there is no interaction between the surrounding tissues and the bones as stated above. Non-linearity is not a condition for exemption, although it could indicate interaction.
The UFS, as noted, is capable of measuring three forces and three moments along and about a Cartesian coordinate system fixed with respect to the sensor.
The magnitude of the external forces can be determined by:
The direction of the external forces can also be determined as follows: (17) where a x , a y , and a z represent components of the direction vector, a, of the external force. The point of application of the force is defined as the point where the line of action passes through the tibial insertion site of the ACL in the knee. Similar points of application can be determined for other joints. If the force is nearly parallel to the surface indicating that f z is very small, then it may not be possible to determine the point of application using Equation 18 below. It is also important to remember that even slight measurement errors will result in a large error in the location of the point p.
To avoid this problem, a force transformation scheme has been developed to rotate the sensor coordinate system mathematically such that the z-axis of the new Cartesian coordinate system is parallel to the direction of the external force. This transformation requires only that the direction of the z-axis be represented by the unit vector, "a", determined from Equation 15. Unit orientation vectors "n" and "o" represent the direction of the x-and y-axes, respectively, which must be perpendicular to the z-axis. Together, these orientation vectors n, o, and a make up the direction cosine matrix, which allows for the transformation between the sensor and joint coordinate systems.
The force-moment vector, "F", measured with respect to the sensor coordinate system (x, y, z), can be transformed to s F, described with respect to (x', y', z') using this transformation matrix.
(19) Each component of the force-moment vector s F can then be described as follows: (20) It can be seen that the line of action of the external force relative to the new coordinate system (x', y', z') can now be determined with very little error, because the external force is perpendicular to the x'y' plane of this coordinate system. A point p s = (p x s , p y s , p z s ) T along the line of action of the external force can be described with respect to the rotated coordinate system as: (21) Once the line of action is determined with respect to the new, primed coordinate system, it can be mathematically rotated back to its original orientation using the transformation matrix.
(22)
The line of action of the external force with respect to the sensor coordinate system (x, y, z) is then determined as (23) where p is a parameter indicating a location along the line of action of the external force with respect to the sensor coordinate system.
When combined with information about the geometry of the surface of the rigid body (determined with respect to the sensor coordinate system), the point of application of the external force can be determined as the intersection between the line of action of the external force and the surface of the rigid body.
Because the parametric equations that describe the force vector are symmetric, there is no dependence on the direction of the applied force. The error remains quite small even when the measured force is applied nearly parallel to the surface of the UFS. This methodology enables an accurate determination of the line of external force on the tibia such that the location of the precise point of application of the ligament force can be determined, even as it moves during loading.
Experimental Applications
To illustrate the utility of the robotic/UFS testing system, sample applications are included that examine the function of the ACL at the knee as well as the capsule and ligaments at the glenohumeral and acromioclavicular joints. The advantages of this approach such as the determination of the force distribution within ligaments or joint capsules, the evaluation of reconstructive procedures, and flexibility for use in multiple joints are demonstrated. This approach has also been used to examine the function of the MCL, LCL, posterior cruciate ligament (PCL), meniscus, and functional spinal units (Gilbertson et al., 2000; Kanamori et al., 2000; Ma et al., 2003; Papageorgiou et al., 2001; Sakane et al., 1999; Scheffler et al., 2001 ).
Biomechanics of the ACL
A knee with a ruptured ACL will have abnormal kinematics such as increased anterior translation or other rotational instability that can lead to progressive damage to knee structures such as the menisci or medial collateral ligament and degenerative joint disease (Hirshman et al., 1990) . Nonsurgical management of a ruptured ACL is successful for some patients, but in most cases has led to poor results (Agliette et al., 1992; Bach et al., 1998; Jomha et al., 1999; Kaplan et al., 1990) . The current trend is toward surgical reconstruction with a replacement graft. Unfortunately, there has been no consensus on surgical variables such as surgical procedure and fixation devices as well as graft selection. Less than 10-25% of ACL reconstructions show satisfactory results. Thus it is important to thoroughly understand the function of the ACL in the intact knee since the ultimate goal of reconstruction is to restore intact knee kinematics, as well as restoring the in-situ force in the replacement graft to the level of the intact ACL.
In-Situ Force Distribution in the ACL
The ACL extends posteriorly and laterally from the area anterior to the intercondylar eminence of the tibia to the posterior part of the medial surface of the lateral condyle of the femur. The ACL can be differentiated functionally into two bundles: anteromedial (AM) and posterolateral (PL). With flexion, the anteromedial fibers develop more tension; in extension, the posterolateral bundle is tighter (Figure 4 ) (Ahmed et al., 1987; Girgis et al., 1975; Sakane et al., 1997; Takai et al., 1993) . The mechanical response of the intact ACL will help define the gold standard for reconstruction that will better simulate the two anatomical bundles and aid in the tissue engineering of ACL replacements.
Under an anterior tibial load of 134 N, the in-situ force in the PL bundle of the ACL is highest at full extension (~70 N), while those for the AM bundle remain constant after reaching a maximum at 60° of knee flexion (~90 N) (Gabriel et al., 2004; Sakane et al., 1997) . There is a crossover region between 15° and 30° of flexion where the AM and PL bundles of the ACL both have equal force. These results and trends are similar to those of other studies (e.g., Li et al., 1998) and suggest that the ACL is not a simple ligament, but that both the AM and PL bundles have independent functions ( Figure 5 ).
The anterior tibial translation and in-situ force in the ACL were also examined following the application of a 200-N compressive and a 100-N AP load (Li et al., 1998) . The loading conditions resulted in a decrease in the total anterior-posterior tibial translation, and a significant increase in the anterior tibial translation coupled with even smaller decrease in the posterior tibial translation. High compressive load in the knee cause elevated in-situ force in the ACL, suggesting that high axial compressive load to the knee should be avoided during rehabilitation without muscle contraction.
ACL Reconstruction
A 134-N anterior tibial load applied to an ACL-reconstructed knee with a quadruple semitendinosus/ gracilis tendon (QSTG) graft and a bone-patellar tendonbone (BPTB) graft showed anterior tibial translation (ATT) of 166 ± 33% and 140 ± 32% of the intact knee. When the same grafts were subjected to an internal tibial torque of 10 N-m, a valgus torque of 10 N-m, the ATT was 192 ± 52% and 171 ± 48% of the intact knee, respectively. When the grafts were placed between the AM and PL bundles, the grafts were unable to provide rotatory stability because they were close to the rotational axis of the knee. This indicates that current ACL reconstruction procedures should be improved by the possible use of a double bundle reconstruction. Furthermore, the Lachman test may not be the best test for evaluating the function of an ACL replacement graft .
The resultant force in the meniscus was found to be significantly elevated in ACL deficient knees in response to a 134-N anterior tibial load with 200 N of axial compression. After ACL reconstruction these forces returned to intact levels. Conversely, with medial meniscectomy the in-situ force in the ACL graft increased by approximately 50%. Thus the ACL and medial meniscus are interdependent. The medial meniscectomy may cause the ACL graft to fail because of excessive force in the graft ).
Biomechanics of the Shoulder
The shoulder complex requires the integrated motion of the sternoclavicular, acromioclavicular, glenohumeral, and scapulothoracic joints. The glenohumeral joint has an incredibly large range of motion, which is achieved with a concurrent loss of joint stability and makes the shoulder more susceptible than other joints to injury. The acromioclavicular (AC) joint is a diarthrodial joint located between the lateral end of the clavicle and the medial margin of the acromion process of the scapula. The capsular and extracapsular ligaments stabilize the AC joint. The glenohumeral (GH) capsule ( Figure 6 ) and the soft tissues at the AC joint (Figure 7 ) have been studied using the robotic/UFS testing system to aid in understanding their function as it relates to treatment of clinical disorders such as joint dislocations.
In-Situ Force in Glenohumeral Capsule
The robotic/UFS testing system was used to determine the contribution of the GH capsule and rotator cuff in maintaining GH joint stability during application of an anterior and posterior load of 89 N. The GH capsule and ligaments were shown to carry no force during passive abduction of the humerus in anatomical rotation, and the humeral head was centered in the glenoid (Debski, Wang, et al., 1999) . The GH capsule was also separated into its seven major regions by perforating it along the border of seven specific regions. This procedure allowed quantification of the interaction between the adjacent portions of the capsule. In response to a posterior load of 89 N, the forces due to separation of the capsule were 16 ± 25 N at 90° of abduction, suggesting that the GH capsule should be treated as a continuous struc- ture since the GH ligaments carry more than a pure tensile force along their length. The magnitude of the in-situ force in the superior glenohumeral-coracohumeral ligament (SGHL-CHL) was greatest at 0° of abduction, while that for the anterior band of the inferior glenohumeral ligament (AB-IGHL) was greatest at 90° . The quantitative data gathered in this study are useful for surgeons in the diagnosis and treatment of glenohumeral instability.
The role of the rotator cuff in response to an anterior and posterior load was also quantified (Debski, Sakone, et al., 1999) . The rotator cuff resisted posterior translation 35% more than during anterior loading of the joint at 60° of abduction. Furthermore, its contribution to resistance of the applied load was found to be significantly greater than the components of the capsule during posterior loading at 30°, 60°, and 90° of abduction. Thus the rotator cuff is more important during posterior loading due to the thinner posterior capsule as compared to the anterior capsule which has several thickenings.
Normal and Injured Acromioclavicular Joint
The position of the humerus with respect to the torso is dependent not only on the glenohumeral joint but on the acromioclavicular (AC) joint as well. Therefore the magnitude and direction of the in-situ force in the AC capsular and coracoclavicular (CC) ligaments as well as the resulting joint kinematics in response to anterior, posterior, and superior loading conditions were also determined (Debski et al., 2000) . The magnitude of the in-situ force in the superior AC ligament in response to an anterior load was 35 ± 18 N. These values were found to be 210% greater than those for the trapezoid and conoid ligaments. In contrast, the magnitude of the in-situ force in the conoid (49 ± 22 N) in response to a superior load of 70 N was significantly greater than all other ligaments. Interestingly, the directions of the force vector representing the conoid and trapezoid in response to the superior load were significantly different, being located in opposing quadrants of the posterior axis of the scapula with this loading condition. Because of the difference in the magnitude and direction of the in-situ force in the trapezoid and conoid ligament, they should not be treated as a single ligament during reconstruction procedures.
Under separately applied anterior, posterior, and superior loads, AC-capsule transection resulted in a significant increase in anterior and posterior translation, but did not significantly affect superior translation . The effect of AC-capsule transection on the in-situ forces in the CC ligaments was found to be significant for anterior and posterior loading, but not for superior loading. Under a 70-N anterior load, the in-situ force in the trapezoid increased by 55%, while those in the conoid increased by 236% (from 15 ± 14 N to 49 ± 23 N, p < 0.05). In contrast, under a 70-N posterior load, the in-situ force in the trapezoid increased 68% (from 27 ± 13 N to 46 ± 18 N, p < 0.05), while the force in the conoid only increased 9%. The results of this study suggest that the relative vertical orientation of the CC ligaments cannot compensate for the resultant AP instability after injury to the capsule. Furthermore, loss of the AC capsule and its ligamentous thickenings may render the intact CC ligaments more likely to fail ).
Computational Approaches to Examine Ligament Function
The experimental approach previously described is successful at investigating many aspects of joint and ligament biomechanics. However, to expand the number of loading configurations and parameters, a computational model should be examined. Computational models are needed because they enable a study of highly complex loading conditions as well as variables such as stress and strain distributions in various tissues. Once validated, computational models can also provide a unique opportunity for the researcher to visualize and study individual components rapidly without risk of deterioration of material properties.
An early model of the knee that was developed in 1976 represented ligaments by 13 elements and the contribution of a ligament to knee stability was assumed to be a function of its geometric relationship to the axis of joint motion, its cross-sectional area, and its relative strain state (Crowinshield et al., 1976) . Subsequently, many models have also been developed to study stiffness characteristics of the knee (Andriacchi et al., 1977; 1983; Grood & Hefzy, 1982; Wismans et al., 1980) . Wismans et al. (1980) used a quadratic force elongation relationship to model the ligaments and joint capsule. Grood and Hefzy (1982) developed a similar knee model to determine the contribution of ligaments to the nonlinear, coupled stiffness characteristics of the knee. Other studies examined the effect of ligament wrapping around the bone or ligament forces induced by isometric muscle contractions (Blankevoort & Huiskes, 1991; Shelburne & Pandy, 1997) .
Two types of computational models have been developed in our research center: (a) rigid body spring model and (b) displacement controlled spring model. The rigid body spring model is force controlled and can determine joint motion in response to loading conditions as well as forces in ligaments (Li et al., 1999) . It was used to investigate the effect of removing the menisci on the rotational laxity of the knee (Li et al., 1999) . The displacement controlled spring model only predicts the force in ligaments and is driven by joint kinematics. Such displacement controlled spring models were developed for the knee and the shoulder Wong, 2000) . In the knee the force in each bundle of the ACL was examined during a simulated pivot shift test at 15° of flexion. In the shoulder the displacement controlled spring model was used to examine the forces in the glenohumeral ligaments . First the development and application of the rigid body spring model will be discussed.
Rigid Body Spring Model of the Knee
The rigid body spring model was developed to analyze knee joint function as well as to examine joint kinematics and force in ligaments (Figure 8 ). Cartilage was modeled as an elastic material, ligaments were represented as nonlinear elastic springs, and the menisci were simulated by equivalent-resistance springs. This model could also serve as a step toward the development of more advanced computational models including more soft tissue structures and complicated loading conditions. The model was validated using experimental data from the robotic/ UFS testing system (Li et al., 1999) .
Utilizing CT and MRI data from a cadaver joint, we used an isomeshing technique to create 3-D meshes of the bony surfaces and solid models of cartilage. Four-node elements were used to mesh bony surfaces, while three layers of eightnodded brick elements were used to mesh the cartilage solids. The cartilage was modeled as a rigid indenture surface in contact with the deformable tibial cartilage. Material properties for the cartilage were adopted from the literature (Young's modulus 5 MPa, and Poisson's ratio v = .45) (Blankevoort & Huiskes, 1991) .
where L is the ligament length after deformation and L o is the reference length of the ligament at which the ligament starts to carry tensile forces. If the ligament strain (∈) was less than a value of 2∈ 1 (where ∈ 1 is a spring parameter and assumed to be .03), then the ligament force was a quadratic function of ligament strain (Andriacchi et al., 1983; Butler et al., 1986; Wismans et al., 1980) . A linear force-displacement relationship was assumed when the ligament strain was larger than 2∈ 1 . The force-displacement relationship (ƒ) of a ligament spring element can then be described using a piecewise function: (24) where k, stiffness is a ligament specific parameter, obtained from the literature (Andriacchi et al., 1983; Butler et al., 1986; Wismans et al., 1980) .
The reference length (zero-load lengths) of each ligament and the stiffness of the meniscus, which was represented by equivalent springs, were estimated using an optimization procedure. The procedure minimized the difference between the kinematics predicted by the model and those obtained experimentally (Blankevoort & Huiskes, 1991) .
The algorithm for calculating the contact between the MCL and the bony surfaces was adapted from Blankevoort and Huiskes (1991) and incorporated into the finite element code.
Validation and Results
The model was validated using an anterior posterior load of ±20, ±40, ±60, ±80, and ±100 N applied at 0 and 30° of flexion on the robotic/UFS testing system. As a result of the minimization procedure, the overall force displacement calculations matched fairly well with the experimental data at the flexion angles considered. For example, at 0° of flexion and 100 N applied anterior-posterior tibial load, the difference between the predicted tibial translation and experimental data were found to be less than 5%. At 30° of flexion, the computational model matched the experimental data in most of the loading range. Under 50 N and 80 N posterior tibial loads, the difference in the posterior tibial translation was less than 5% and 12%, respectively. However, when the posterior tibial load reached 100 N, the difference increased to 30%. The calculated anterior tibial translation was 8% higher than the experimental data under an 80-N anterior tibial load and increased to 26% at 100 N (Li et al., 1999) . Thus the validated model can be used to predict contact pressures and stress strain distributions for the cartilage.
Under an applied 4-Nm internal moment, the axial tibial rotation was predicted to be 24° with removal of menisci. This rotation was more than twice that obtained when the menisci were present. At 30° of flexion, the predicted tibial rotation in response to a 4-Nm external moment was about 70% higher without the meniscus. When a 4-Nm internal moment was applied at this flexion angle, the predicted tibial rotation after removing the menisci was more than twice that when the menisci were intact. The model also showed that relative motion of the tibia with respect to the femur is not small under both anterior-posterior forces and internal-external moments. This suggests that the application of a small sliding contact theory would not be accurate for analysis of contact problems formed in the knee joint (Li et al., 1999) .
Displacement Controlled Spring Model
The displacement controlled spring model uses joint kinematics to move bones, and outputs ligament forces (Figure 9 ). The joint kinematics could be obtained from many sources and allows the user to vary parameters, enabling optimization of material properties of ligaments and other structures of a joint, as well as visualization of joint motion. The development of this model and its application to the knee and shoulder to determine ligament forces will now be discussed.
This type of computational model is controlled by kinematics from the joint, which can be obtained from many sources such as the robotic/UFS testing system, magnetic tracking device, point cluster technique, or biplane fluoroscopy Wong, 2000) . Input parameters include joint geometry, kinematics, ligament reference lengths, and tensile properties. By moving the bones to different joint positions, the model can predict the length of each ligament ( Figure  10) . A load-elongation curve then allows the prediction of ligament forces from the elongation of the ligaments.
For the models described in this paper, 1-mm slices were taken with a computer topography (CT) scanner, and the contours that identify the outline of the bone geometry were digitized to separate them from the other soft tissue (Shelton, 2000) . A 3-D structure was created by stacking a series of 2-D cross-sections of the bone, which were then smoothed to account for the changes in diameter within each l-mm slice (Figure 11) (Wong, 2000) . The outline of each registration block was also identified in each 2-D cross-section to develop transformations between the CT and robotic coordinate systems. Registration blocks are precisely machined square plastic cubes, which are rigidly fixed to the bone. Software for iteractive musculoskeletal modeling (SIMM) allows for input of kinematics, insertion sites, and bone geometry and provides ligament length vs. joint motion output. SIMM provides easy visualization of the changes in ligament length and bone position from various angles (Wong, 2000) . The ligament forces are then extrapolated from the change in the ligament length and the ligament's load-elongation relationship. Structural properties were obtained from the literature or uniaxial tensile tests of each ligament (Bach et al., 1998; Harter et al., 1989; Noyes et al., 1991; Rosenberg & Rasmussen, 1984; Sakane et al., 1997; Sydney et al., 1987) . Once the displacement controlled spring model was assembled, validation was performed using experimental data.
The geometry and properties from a specimen tested on the robotic/UFS testing system validated our computational model. The joint kinematics obtained during the experimental measurements were used as input to the computational model, and the force predictions by the robotic/UFS testing system were compared to forces predicted by the model. Displacement controlled spring models created for the shoulder and the knee were validated using the robotic/UFS testing system. The validation of each model and their study of relevant joint motions will be discussed next. 
Function of ACL
A displacement controlled spring model was developed for the knee to examine the role of each bundle of the ACL during varus-valgus rotation. The kinematics from two loading conditions, a 134-N anterior tibial load, and a simulated pivot shift both at 15° and 30° of flexion were used to validate the model. A pivot shift test is a combined load involving a valgus and internal rotation to the knee (Gabriel et al., 2004) . The percentage difference between the force measured experimentally and those predicted by the model for both loading conditions were less than 20% (Wong, 2000) .
After validation, varus/valgus rotation was examined using the model. Both bundles of the ACL carry load during valgus rotation for the flexion angle examined (15° and 30° of knee flexion). The two bundles carried nearly equal force at 15° of flexion (AM-27 N, PL-25 N), but the AM bundle was much higher at 30° of knee flexion with maximum valgus rotation (Gabriel et al., 2004) . The force predicted by the model in the AM bundle at 30° of flexion was almost twice as high as in the PL bundle at the full range of valgus rotation (10° of valgus rotation) (Figure 12 ). However, both bundles of the ACL had no force for varus rotation at 15° and 30° of flexion (Wong, 2000) . These results demonstrate the importance of the PL bundle at lower angles of knee flexion supporting a double bundle reconstruction, which more accurately replicates the intact ACL (Gabriel et al., 2004) .
Function of Glenohumeral Ligaments
A displacement controlled spring model was developed to examine the force in the glenohumeral ligaments. The robotic/UFS testing system was used to validate the computational model of the shoulder. An 89 N load applied by the robotic/UFS testing system at 0°, 30°, and 90° of glenohumeral abduction was used to validate the shoulder model. The model had a similar force vs. A-P translation curve to the experimental data, and only minor differences were observed in the magnitude of force that each ligament experienced during loading at 0° and 60° of abduction .
The model was then used to test forward-flexion extension. The SGHL was the only ligament studied to carry force at any point during either forward-flexion or extension. The force in the SGHL reached maximum values of 89 N and 87 N during forward flexion and extension, respectively, at the end points of the range of motion. Thus the SGHL must be considered in order to restore or maintain normal joint function; however, coupled translations that might occur with this rotation were not simulated in the analytical model. These translations could change the force magnitude in each ligament .
Future Directions
The experimental work to date has only examined simple external loading conditions applied to the knee and shoulder joints, which may differ from in-vivo loads that are experienced during activities of daily living. Therefore, it is the goal of our research center to implement more realistic loading conditions and measure the resulting kinematics of the diarthrodial joint as well as the forces in the soft tissue structures. The general approach that will be taken is shown in Figure 13 . Initially, in-vivo kinematic data will be collected. Cine-phase contrast magnetic resonance imaging or fluoroscopy are also potential methods (Sheehan et al., 1998) . Once accurate kinematic data sets of the joint are obtained, the kinematics can be repeated on joints using the robotic/UFS testing system to obtain data on the in-situ force in the ligaments. The robotic data will then be used to validate computational models.
These models can predict forces and strains in the ligaments at varying levels of daily activities and in response to rehabilitation protocols. A database containing invivo force, and stress and strain based on age, gender, and size of specimens can be assembled for a variety of purposes. A combined experimental and computational approach will be a powerful tool to help optimize surgical management of ligamentous injuries that include preoperative surgical planning and reconstruction techniques, as well as scientifically based postoperative rehabilitation protocols.
Validated computational models have numerous future possibilities ( Figure  13 ). For example, it will be possible to perform surgical planning whereby the desired results of in-situ forces in a graft and the knee kinematics can be predicted. Sound criteria for various ligament reconstruction techniques can also be developed while achieving the in-situ forces of the intact ACL using a replacement graft. The validity of clinical evaluation of ACL reconstruction, based on the Lachman test and the KT-1000 test, could then be evaluated. In addition, various rehabilitation exercise protocols designed to accelerate the knee to return to normal function might be evaluated scientifically. Eventually the temporal changes on the ACL graft in vivo can be studied such that a relationship between the forces, strains, and other mechanical properties of the graft can be established.
